
(id 1 2  4 3 2  
8 

SPACE ENVIRONMENT OPERATION 
OF EXPERIMENTAL HYDRAZINE REACTORS 

FINAL REPORT 

REPORT NO. 4715.3.68-27 
CONTRACT NAS7-520 

JULY 1968 

Ronald A. Carlson Jack L. Blumenthal 
Robert J. Grassi 

~ ~ 

SYSTEMS GROUP 

ONE SPACE PARK REDONDO BEACH, CALIFORNIA 90278 



SPACE ENVI~O~MENT OPERATION 
OF EXPERIMENTAL HYII)RAZINE: KEACTORS 

FINAL KEPOKT 

REPORT NO. 4715.3.68-27 
CONTRACT NAS7-520 

JULY 1968 

Ronald A. Carlson Jack L. Blumenthal 
Robert J. Grassi 

SYSTEMS GROUP 

ONE SPACE PARK - REOONOO BEACH, CALIFORNIA 90278 



This technical report was prepared for the National Aeronautics and 
Space Administration, NASA Pasadena O f f i c e ,  Pasadena, California, by TRW 
Systems, Redondo Beach, California, under an extension to  Contract NAS 
7-520. 
1968, 

Program under the direction of Robert H. Rollins, 11. 
was David D. Evans, J e t  Propulsion Laboratory, California Insti tute of 
Technology, Pasadena, California. The TRW Systems Project Manager was 
Ronald A. Carbon. 

This Final Report covers the period 29 April 1967 through 30 June 
The program was conducted as a part of the NASA Advanced Technology 

The Technical Director 

This report contains no classified information. 

This technical report has been reviewed and approved by the Technical 

Director 

ii 



Experimental investigations relating the low temperature 
high vacuum hydrazine ignition properties of Shell 405 catalyst 
with the concentration of adsorbed gas species (0,, N2, HZ, and 
NH3) present on the catalyst surface are reported. The labora- 
tory investigations revealed that: 
strongly chemisorbed owgen which w i l l  not desorb significantly 
in  high vacuum, even at elevated temperature. 
gen does not readily desorb i n  vacuum a t  temperatures below 6OO0C. 
c) nitrogen adsorption is extremely low, and adsorbed ammonia 
tends to  decompose above 300%. 

a) Shell 405 catalyst retains 

b) adsorbed hydro- 

Three catalyst surface conditions were investigated in  high 
vacuum ignition tes ts :  a surface containing chemisorbed oxygen, 
a "clean" surface, and a surface containing chemisorbed hydrogen. 
There is some indication that the presence of oxygen may enhance 
the ignition process, but a definite cgrrelation between catalyst 
surface condition and ignition delay is not yet possible. A much 
larger data sample would be required t o  isolate the effects of 
surface condition. 
ignition delay is temperature. 
with temperature, and the flash vaporization and cooling of low 
temperature propellant upon injection into vacuum result  i n  de- 
creased apparent activity. 

The factor exhibiting the greatest effect on 
Catalyst activity decreases greatly 

iii 



TABLE OF CONTENTS 

1.0 INTRODUCTION AND SUlWARY ....................................... 1 
1.1 Laboratory Experiments .................................... 1 
1.2 Vacuum Ignition Tests ..................................... 2 

2.0 LABORATORY EXPERIMENTS ......................................... 3 
2.1 Apparatus ................................................. 3 
2.2 Experimental Technique .................................... 3 

2.2.1 Sample Pretreatment ................................ 3 

Page 

2.2.2 Temperature Scanning Technique ..................... 3 
2.2.3 Adsorption and Desorption Isotherm Measurements .... 6 
2.2.4 Oxygen Chemisorption Rate Measurements. ............ 7 

2.3 Calculations .............................................. 7 

3.0 LABORATORY EXPERIMENT RESULTS .................................. 7 
3.1 Hydrogen Studies .......................................... 7 

3.1.1 Temperature Scanning Experiments ................... 7 
3.1.2 Adsorption and Desorption Isotherms ................ 9 

3.1.3 Calculated Differential Heats of Adsorption ........ 9 
3.2 Oxygen Studies ............................................ 14 

3.2.1 Temperature Scan Experiments with Oxygen ........... 14 
3.2.2 Oxygen Adsorption and Desorption Isotherms ......... 16 
3.2.3 Oxygen Chemisorption Rate Measurements ............. 18 

3.3 Ammonia Studies ........................................... 21 
3.3.1 Ammonia Temperature Scans .......................... 21 
3.3.2 Ammonia Adsorption and Desorption Isotherms ........ 27 
3.3.3 The Differential Heats of Adsorption ............... 27 

3.4 Nitrogen Studies .......................................... 27 

4.0 DISCUSSION OF LABORATORY EXPERIMENT RESUETS .................... 33 

5.0 SlJMMARY OF LABORATORY RESULTS .................................. 44 

6.0 HIGH VACUUM IGNITION TESTS ..................................... 46 
6.1 Test Installation ......................................... 47 
6.2 Test Sequence ............................................. 49 
6.3 Discussion of Test Results ................................ 53 

.................................................... 7.0 CONCLUSIONS 57 
,@ P m I X  A .......................................................... A-1 

iv 



LIST OF FIGURES 

Page 
Schematic Diagram of the A l l  Glass Constant Volume 
Adsorption System. . . . . . . . . . . . . . . . . . . . . . . .  4 

Photograph of the Adsorption System. . . . . . . . . . . . . . .  5 
Hydrogen Desorption Temperature Scanning Experiment: 
Catalyst . Shell 405 . "Init ially Oxidized". . . . . . . . . . .  8 

Hydrogen Adsorption Isotherms a t  OOC: 
Shell 405 . "Ini t ia l ly  Oxidized" . . . . . . . . . . . . . . . .  10 
Hydrogen Adsorption and Desorption Isotherms a t  3OOOC and 50OOC: 
Catalyst . Shell 405 . "Init ially Oxidized". . . . . . . . . . .  11 
Hydrogen Adsorption Isotherms a t  3OOOC: 
Shell 405 . "Init ially Oxidized" . . . . . . . . . . . . . . . .  1 2  
Hydrogen Adsorption and Desorption Isotherms: 
Shell 405 . "Clean". . . . . . . . . . . . . . . . . . . . . . .  13 
Oxygen Adsorption Temperature Scan: 
Shell 405 . "Init ially Oxidized" . . . . . . . . . . . . . . . .  15 
Effect of Pretreatment on Oxygen Adsorption a t  500'C: 
Catalyst . Shell 405 . . . . . . . . . . . . . . . . . . . . . .  1 7  
Oxygen Adsorption and Desorption Isotherms: 
Shell 405 . "Cleanff. . . . . . . . . . . . . . . . . . . . . . .  19 
Chemisorption Time Curve a t  -78OC, 1 torr.  . . . . . . . . . . .  20 
Chemisorption of Oxygenversus Time: 
"Cleant'. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 
Chemisorption of Oxygen Versus Time: 
"Cleant'. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23 
Rate of Oxygen Adsorbed Versus Number of Surface Atoms 
Adsorbed.. . . . . . . . . . . . . . . . . . . . . . . . . . .  24 
Ammonia Desorption Temperature Scanning Experiment: 

25 
Repeated Ammonia Desorption Temperature Scanning 
Experiment: Catalyst . Shell 405 . "Cleant'. . . . . . . . . . .  26 
Ammonia Desorption Temperature Scanning Experiment 

Ammonia Adsorption and Desorption Isotherms: 

Repeated Ammonia Adsorption and Desorption Isotherms 

Ammonia Adsorption and Desorption Isotherms - Reynolds 
RA-1Almina.. . . . . . . . . . . . . . . . . . . . . . . . .  31 
Nitrogen Adsorption and Desorption Isotherms: 
Catalyst . Shell 405 . "Clean" . . . . . . . . . . . . . . . . .  32 

Catalyst - 

Catalyst - 

Catalyst - 

Catalyst - 

Catalyst - 

Catalyst - Shell 405 - 

Catalyst - Shell 405 - 

Catalyst . Shell 405 . "Clean" . . . . . . . . . . . . . . . . .  

onA1203Blank..  . . . . . . . . . . . . . . . . . . . . . . .  28 

Catalyst . Shell 405 . "Cleant' . . . . . . . . . . . . . . . . .  
a t  0°C: Catalyst . Shell 405 . "Clean". . . . . . . . . . . . .  30 

29 

1. 

2. 
3. 

4. 

5. 

6. 

7. 

8. 

9.  

10. 

11. 
12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

V 



22. 

23. 

24. 
25 

RA-1Alumina.. . . . . . . . . . . . . . . . . . . . . . . . .  
26. 

27. 

28. 

29. 

30. 

31. Testsystem. . . . . . . . . . . . . . . . . . . . . . . . . .  48 
32. Data Evaluation . . . . . . . . . . . . . . . . . . . . . . . . .  49 

Ammonia Adsorption a t  100°C on "Clean" Shell 405 Catalyst 
and Reynolds RA-1 Alumina . . . . . . . . . . . . . . . . . . .  39 

Ammonia Adsorption a t  200OC on "Clean" Shell 405 Catalyst 
and Reynolds RA-1 Alumina . . . . . . . . . . . . . . . . . . .  40 
Relative amount of 02, NH3 and N2 Adsorbed. at  O O C :  

Shell 405 . "Clean" . . . . . . . . . . . . . . . . . . . . . .  4 1  
Relative Amounts of 02, Hz, NH3 and N 2  Adsorbed a t  30OoC: 
Catalyst . Shell 405 . "Clean''. . . . . . . . . . . . . . . . .  42 
Relative Amounts of 0 2 ,  H2, NH3 and N2 Adsorbed a t  S O O O C :  

Catalyst - 

Catalyst . Shell 405 . "Clem", . . . . . . . . . . . . . . . .  43 

33. Ignition Delay Versus Reciprocal of Bed Temperature . . . . . .  55 
34. Ignition Delay Versus Reciprocal of Bed Temperature . . . . . .  56 

v i  



LIST OF TABLES 

Table Page 
1. Calculated Values of Differential Heats of Adsorption 

for Jdydrogen on Shell 405 Catalyst, . . . . . . . . . . . . .  1 4  

Calculated Values of the Differential Heats of Adsorption 
for  Hydrogen on Pretreated She11 405 Catalyst . . . . . . . .  16 

CalculatedValues of the Difkrentia'l Heats of Adsorption 

2. 

3. 
fo r  Ammonia on the Alumina Support of Shell 405 Catalyst. . 33 

4. Test Sequence and Results. . . . . . . . . . . . . . . . . . .  so 
5. TestResults. . . . . . . . . . . . . . . . . . . . . . . . .  54 

v i i  



1.0 ImRODUCTION AND SUMMARY 

This report describes the experimental investigations conducted by 
The objective of TRW Systems under an extension of Contract NAS 7-520. 

th is  contract extension was t o  correlate the low temperature, high vacuum, 
hydrazine ignition properties of the !%ell 405 catalyst with the concentra- 
tion of adsorbed gas species (0,, N2, H,, and NH3) present on the catalyst 
surface both prior t o  an i n i t i a l  f i r ing with the catalyst and af te r  cool- 
down in  vacuum. 

1.1 LAB0RAIIY)RY EXPERIMENTS 

The laboratory effort  involved a systematic study of the adsorption 

The labora- 
and desorption of hydrazine decomposition products (nitrogen, hydrogen, and 
ammonia) and oxygen on the Shell 405 iridium based catalyst. 
tory investigations were aimed a t  determining what concentrations of oxygen 
and hydrogen decomposition products would be present on the surface of the 
Shell 405 catalyst prior to in i t ia l ly  using the catalyst i n  a space environ- 
ment and af te r  a vacuum f i r ing sequence. 

Hydrogen, oxygen, ammonia and nitrogen temperature (adsorption-desorp- 
tion) scanning experiments were completed in  the range from O°C to 70OoC. 

Hydrogen and oxygen adsorption and desorption isotherms were made with 
oxygen free catalysts and on catalysts in i t ia l ly  covered with chemisorbed 
oxygen (as manufactured) in  the temperature range from O°C to 500°C and a t  
pressures t o  300 torr. 
therms were made with oxygen free catalysts in  the temperature range from 
O°C t o  3OO0C and a t  pressures to  300 to r r .  

Nitrogen and ammonia adsorption and desorption iso- 

Differential heats of adsorption were determined for hydrogen with 
both oxygen covered and oxygen free catalysts. 
adsorption were also determined for ammonia adsorption on the alumina sup- 
port. 

Differential heats of 

Oxidation rate measurements (chemisorption rate measurements) of the 
iridium surface of the Shell 405 catalyst were made over the temperature 
range of -78OC t o  3OO0C and over the pressure range from 1 tor r  to  100 torr .  

-1- 



Laboratory investigations showed that: 

0 Shell 405 catalyst retains strongly cheesorbed oxygen 
which w i l l  not desorb significantly in  high vacuum, 
even at elevated temperatures. 

0 Adsorbed hydrogen doesonot readily desorb in  vacuum a t  
temperatures below 600 C, 

Nitrogen adsorption is extremely lr, and adsorbed am- 
monia tends to  decompose above 300 C. 

6 

Hence, the in-space operating conditions which are of interest are: 
1) Adsorbed oxygen during i n i t i a l  operation; 2) catalyst free of ad- 
sorbed gases when cool down times are sufficient to  desorb a l l  hydrogen; 
and 3) adsorbed hydrogen retained from the hydrazine decomposition products 
during rapid cool down af te r  operation. 

1 .2  VACUUM IGNITION TESTS 

A series of high vacuum ignition tests were conducted simulating the 
catalyst surface conditions anticipated for in-space operation of a reactor. 
Three surface conditions were tested: A surface containing chemisorbed 
oxygen, a "clean" surface, and a surface containing chemisorbed hydrogen. 
These conditions were tested a t  ambient temperature (70°F) and a t  40°F. 

The presence of oxygen chemisorbed on the catalyst surface appears to 
enhance the f i r s t  catalytic ignition. 
relating catalyst surface condition t o  ignition delay, however, is made 
diff icul t  due to  wide variations in  the data. 
factor than surface conditions is  temperature, particularly a t  temperatures 
below 70°F. 
excess of 100 ms.  Also, i n  a space environment, the local temperature a t  
the catalyst/propellant interface is depressed due to the flash vaporiza- 
tion and cooling of the incoming propellant. This is  an important factor 
which should be considered i n  further investigations. 

Formation of definite conclusions 

A much more predominant 

A n  i n i t i a l  temperature of 40°F resulted in  ignition delays in  

- 2- 



2 0 LABORATORY EXPERF-ENTS 

The experimental apparatus and techniques are described in  the follow- 
ing paragraphs : 

2.1 NPARATIJS 

The a l l  glass, constant volume, adsorption system consisted of a m a n i -  
fold and gas sample bulbs, a catalyst sample tube thermally isolated from 
the manifold, a gas analysis sampling outlet, a high vacuum pumping system, 
sample furnace and temperature measurement and control systems, and a very 
precise pressure measuring system. Figure 1 presents a schematic diagram 
of the apparatus and Figure 2 shows the actual equipment. 
gas which was adsorbed or  desorbed on a sample of the catalyst was deter- 
mined by measuring the pressure drop (or pressure rise) i n  the calibrated 
constant volume system as gas adsorbs (or desorbs) on the catalyst. 

2 . 2  EXPERDENTAL TECHNIQUE 

The amount of 

2 .2 .1  Sample Pretreatment 
The in i t ia l ly  oxidized Shell 405 catalyst samples (as received)* were 

pretreated by simple outgassing for  16 hours a t  500°C in  a 
uum. This pretreatment removed the physically adsorbed gases and the 
reversibly chemisorbed gases without changing the surface area o r  the 
irreversibly adsorbed oxygen concentration on the iridium surface of the 
catalyst. These catalyst samples are referred to  as " ini t ia l ly  oxidized" 
catalysts . 
by specially pretreating to remove the oxide without changing the surface 
area. These catalyst samples were prepared by outgassing a t  5OOOC for  4 
hours, and then exposing the samples to  hydrogen a t  500°C for 8 hours a t  
200 to r r  and then outgassing for 16 hours a t  600°C. 

to r r  vac- 

Oxygen free iridium catalysts ("clean" catalysts) were prepared 

2.2.2 Temperature Scanning Technique 

Both adsorption and desorption temperature scanning measurements were 
conducted. 
i n i t i a l ly  chemisorbed a t  0°C on the pretreated sample. 
sample was slowly heated from 0°C to  600-700°C and the temperature and 
pressure were recorded as a function of time. 

of oxygen irreversibl adsorbed on the iridium surface was discovered 
shortly a ter 

In desorption temperature scanning, a known amount of gas was 
Then the catalyst 

A t  preselected points, the 

"as received" catalyst contained a significant amount 

e s t a r t  of the program. 
- 3 -  
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catalyst was held at constant temperature for about 30 minutes while the 
pressure change was  recorded as a function of time. The nwnber of atoms 
desorbed were calculated from the pressure change data. For the ammonia 
studies where decomposition occurred, a known volume of gas was removed 
from the system by replacing the Pi ran i  tube w i t h  a gas analysis sampling 
bulb. These gas samples were submitted for  mass spectrographic analysis. 

In adsorption temperature scan measurements, a known amount of gas 
was  in i t ia l ly  admitted to  the system a t  O°C and was allowed t o  adsorb 
when the sample was  slowly heated, The pressure and temperature were 
recorded as a function of time, as in  the desorption temperature scan 
measurements. 
known volume of gas was admitted. A t  preselected points the pressure 
change w i t h  time was measured a t  constant temperature. 

When the pressure decreased t o  low values, an additional 

2 .2 .3  Adsorption and Desorption Isotherm Measurements 

A hown weight of catalyst was pretreated as described above (Section 
2.2.1) and then allowed to  come t o  themal equilibrium a t  the isotherm temp- 
erature. A quantity of gas was in i t ia l ly  bled into the evacuated manifold 
from the gas storage bulb. 
measured manifold pressure, the number of molecules in i t ia l ly  in  the gas 
phase was calculated. 
the gas manifold was  then opened and the gas introduced into the sample 
bulb. 
sample, the pressure decreased. 
change in  pressure*, the system was assumed to  be a t  equilibrium and the 
f inal  gas phase pressure recorded. 
fold and sample tube, the number of molecules of gas remaining in  the gas 
phase was calculated. 
of molecules i n  the gas phase was the nunber of molecules adsorbed on the 
sample a t  the isotherm temperature and the final equilibrium pressure. 
The amount of gas adsorbed a t  the f inal  equilibrium pressure thus repre- 
sents one point on the adsorption isotherm. The stopcock connecting the 

%In general, data points were taken in  1.5 hours time increments. 
the higher temperatures, this was  sufficient time to  very nearly reach 
equilibrium values. HQwever, a t  O°C in some cases appreciable adsorp- 
tion was observed af te r  a 1.5 hour time increment and some data points 
were taken a t  16 hour and 64 hour time increments. 

From the known volume of the manifold and the 

A stopcock connecting the evacuated sample bulb t o  

A s  the gas species (example, hydrogen) adsorbed on the catalyst 
When there was no appreciable further 

From the known dead space of the mani- 

The difference between the original and final number 

A t  
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sample tube to the gas manifold was then closed again, fresh gas admitted 
to the manifold and the process repeated, A new higher equilibrium pres- 
sure was obtained with a corresponding larger quantity of gas adsorbed. 
This process was repeated at equilibrium pressures from about 10 microns 
up to one atmosphere pressure. 

The desorption isotherm was obtained by reversing the above described 
process and in each step expanding the gas present in the sample tube into 
the previously evacuated gas manifold. 

The adsorption-desorption isotherm experiments were conducted with 
each of the hydrazine decomposition products (hydrogen, nitrogen and 
ammonia) and with oxygen. 

2.2.4 Oxyg en Chemisorption Rate Measurements 

Oxygen chemisorption (oxidation) rates were measured at -78"C, O"C, 

and 300°C at pressures of 1, 10, and 100 torr. The procedure was to take 
a known weight of pretreated sample and allow it to thermally equilibrate 
at the selected temperature. The gas was then admitted to the sample and 
the pressure change was recorded as a function of time. 
decreased to about 10% below the preselected pressure, an additional amount 
of gas was rapidly admitted to the sample and the pressure was again record- 
ed as a function of time. This sequence was repeated until the rate of the 
pressure change with time was very small. A final value of the pressure was 
recorded after 16 hours. 

When the pressure 

2 .3  CAZCULATIONS 

The experimental data from the temperature scan measurements, adsorp- 
tion and desorption measurements, and the rate measurements presented in 
the following sections of this report were calculated to 3 significant fig- 
ures on an Olivetti desk computqr using programs specially written for 
these measurements. 

3.0 LABOWTORY EXPERINENT RESULTS 

3.1 HYDROGEN SrUDIES 

3.1.1 

Figure 3 shows the results of a hydrogen desorption temperature scan- 
ning experiment over the range from O°C to 7OO0C using an "initially oxidized" 

- 7 -  
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("as received catalyst" outgassed a t  500°C) catalyst sample. 
hydrogen atoms were preadsorbed at O°C on the catalyst. Most of the hydro- 
gen w a s  removed during the desorption scanning experiment, but a small resi- 
dual amount of hydrogen remained adsorbed on the catalyst surface even a t  
700OC. 

580 x 10l8 

3.1.2 Adsorption and Desorption Isotherms 

Figure 4 shows replicate hydrogen adsorption isotherms a t  O°C f o r  an 
" ini t ia l ly  oxidized" catalyst. F i n a l  points taken after 16 and 64 hours 
show that equilibrium is approached rather slowly a t  this temperature. 
Figure 5 shows the 3OO0C and 5OOOC hydrogen adsorption and desorption iso- 
therms w i t h  " ini t ia l ly  oxidized" catalysts. 

Figure 6 shows the reproducibility of two hydrogen adsorption isotherms 
a t  3OO0C obtained with separate samples of the " ini t ia l ly  oxidized" Shell 405 
catalyst. 
experiments. 

Both samples were outgassed a t  SOOOC for 16 hours prior to the 
The two samples were reproducible within about I + 10%. 

Figure 7 shows the results of hydrogen adsorption and desorption a t  
500°C and 3OO0C with samples pretreated with hydrogen a t  500°C and out- 
gassed a t  600°C for 16 hours ("clean'' catalysts). 
atoms/gram of hydrogen were adsorbed and a t  3 O O O C  about 348 x 10l8 atoms/ 
gram of hydrogen were adsorbed. The number of hydrogen atoms adsorbed by 
these samples was much lower than the amount adsorbed on samples not sub- 
jected to  the hydrogen pretreatments but which were simply outgassed a t  
500°C for  16 hours ("oxidized catalysts")*, 

3.1.3 Calculated Differential Heiits of Adsorption 

A t  500°C about 284 x 10l8 

From the adsorption isotherms a t  300 and 500°C differential heats of 
adsorption were calculated as a function of the surface covered by hydro- 
gen from the Clausius-Clapeyron relationship: 

where 
P = hydrogen pressure 
T = temperature O K  

0 = fraction of the surface covered with hydrogen 
A Hads = differential  heat of adsorption 

*Presumably, the strongly chemisorbed oxygen present on the iridium surface 
of the "as received" catalysts (oxidized catalysts) provide additional sites 
for  adsorption of hydrogen. 

- 9 -  
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Table 1 presents this data for an "initially oxidized" catalyst surface. 
is apparent from Table 1 that within the limits of uncertainty of this cal- 
nilation (approximately - + 4 Kcal) that the differential heat of adsorption 
is constant over the hydrogen adsorption range from 500 x 10l8 atoms per 
gram to 850 x 10 

It 

18 atams per gram. 

TABLE 1 
CALCULATED VALUES OF DIFFERENTIAL HEATS OF ADSORPTION 

FOR HYDROGEN ON SHELL 405 CATALYST 

Atoms of 
Hydrogen 
Adsorbed 

18 x 10 

500 

600 
700 
750 
800 
8 30 
8 50 

Differential Heat 
of Adsorption 

Kcal/mole Hydrogen 

17.2 - + 4.0 
16.2 - + 4.0 
17.8 - + 4.0 
17.6 - + 4.0 
20.0 + 4.0 
19.7 - + 4.0 
18.1 - + 4.0 

- 

a Hads average = 18.1 + 4.0 

Samples were initially outgassed for 
16 hours at 500°C 

- 
Note: 

The differential heats of adsorption of hydrogen for the "clean" cata- 
lysts pretreated to remove all oxygen are given in Table 2.  
show a trend to lower values as the hydrogen surface coverage increases. 

3.2 OXYGEN STUDIES 

The values 

The experimental results from the oxygen temperature scan, the adsorp- 
tion and desorption isotherms and rate measurements are presented in the 
following sections: 

3.2.1 Temperature Scan Experiments with Oxyg en 

The results of the temperature scanning experiments with oxygen are 
s h m  in Figure 8. The adsorption scanning was done over the temperature 
range of 0°C to 60OoC. 

was 1350 x 10l8 atoms/gram at a final pressure of 93 torr. 
The total number of oxygen atoms adsorbed at 600°C 

- 14 - 
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TABLE 2 

CALmTED VALUES OF THE DIFFERENTIAL HEATS OF ADSORPTION 
FOR HYDROGEN ON PRETREATED S E L L  405 CATALYST 

Atoms of 
fdydrogen 
Adsorbed 

18 x 10 

165 
175 
200 
225 
250 

Differential Heat 
of Adsorption 

Kcal/mole Hydrogen 

22.4 + 2.5 

21.1 - + 2.5 
- 

19.1 - + 2.5 
15.5 + 2.5 
15.6 - + 2.5 

- 

In this  scanning experiment, oxygen was admitted into the apparatus 
a t  0°C unti l  an i n i t i a l  pressure of 53 tor r  was reached*. Then the sam- 
ple was heated slowly and the pressure, temperature, and time were recorded. 
In Figure 8,  the left  hand scale of the graph shows the temperature and the 
right hand side shows the nuniber of oxygen atoms/gram adsorbed. 
figure, it is seen that oxygen was very slowly adsorbed up to 200°C. 

the temperature approached 4OO0C, the ra te  of adsorption rapidly increased 
until a t  600°C a l l  of the i n i t i a l  55 tor r  of oxygen was adsorbed. A t  th is  
point, more oxygen w a s  admitted into the system and the pressure change 
was monitored for two hours. 
x 10l8 atoms of oxygen/gram. 
pressure of 95 tor r  of oxygen for 64 hours, to give a final adsorption of 
1350 x 10l8 atoms of oxygen per gram of catalyst. In the case of oxygen, 
the adsorption (or oxidation) increases with increasing temperature in  an 
irreversible manner over the temperature range from 0-600°C. 

adsorption value of 1350 x 10l8 atoms of oxygen adsorbed per gram of cata- 
lys t  corresponds to  an iridium oxygen compound of stoichiometry 1 1 - 0 ~ ~ ~ .  

3.2.2 

From the 
As 

The number of oxygen atoms adsorbed was 1080 
The sample was then kept a t  600°C and a t  a 

The final 

In Figure 9 are shown the results of oxygen adsorption and desorption 
isotherms a t  500°C for "clean" samples and " ini t ia l ly  oxidized" ("as received") 
samples. 
adsorption experiment on a catalyst pretreated by a simple outgassing a t  500°C 
for  16 hours showed that oxygen was originally present on the surface of 
*Sample in i t i a l ly  outgassed for  16 hours a t  500°C ("oxidized catalyst"). 
No appreciable adsorption took place a t  0°C. 

Mass spectrographic analysis of the gas desorbed after a hydrogen 
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the "as received" catalyst and was not removed by the simple outgassing pro- 
cedure*. 
hydrogen a t  500°C and then outgassing a t  600°C for  16 hours did, however, 
produce clean catalyst surfaces free from oxygen. 

"clean" catalysts is about 1500 x 10l8 atoms/gram. 
"clean" catalysts showed very good reproducibility. The data points were 
taken after 1.5 hours except for the i n i t i a l  points i n  which the time 
varied, depending upon how fas t  the pressure dropped to  essentially zero. 
The amount of oxygen adsorbed by the "clean" catalyst was about 600 x 10 
atoms/gram more than the " ini t ia l ly  oxidized" sample which received only 
the simple outgassing pretreatment. 

The pretreatment of i n i t i a l  outgassing followed by exposure to  

As seen from Figure 9,  the amount of oxygen adsorbed a t  500°C 
The two experiments with 

18 

Figure 10 shows the results of adsorption and desorption of O2 a t  O"C, 
300°C and 500°C on "clean" samples. 

18 amount of oxygen adsorbed was about 1500 x 950 x 
a t  500, 300 and O"C, respectively. Furthermore, it is seen that no desorp- 
tion occurred, showing the irreversibil i ty of the O2 adsorption. 
points were taken af ter  1.5 hour time intervals. 

From Figure 1 0 ,  it is seen that the 
and 200 x 10 

A l l  data 

3.2.3 Oxyg en Chemisorption Rate Measurements 

The rate of chemisorption of oxygen on "clean" catalyst surfaces were in- 
vestigated a t  pressures of approximately 1 torr,  10 torr,  and 100 torr  and 
a t  temperatures of -78"C, O"C, 100°C, and 300°C. 

the number of atoms of oxygen chemisorbed as a function of time and also 
shows the pressure change with time. 
a low value ( 4 0 %  below the i n i t i a l  pressure), more gas was added to  the 
system and the pressure and time measurements were continued. 

Figure 11 shows a plot of 

When the pressure change dropped to  

The chemi- 
sorption ra te  (r) expressed as a nmber of atoms of oxygen adsorbed per 

gram 
type 

ample per minute was obtained by graphical differentiation of the 

pic  analysis of the desorption products from the 
experiment showed about 27% water in  addition to 
chemisorbed hydrogen reacted with the previously 
rm water. 
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Figures 12 and 13 show the number of atoms of oxygen adsorbed as a 
function of time a t  average pressures of 1 to r r ,  10 t o r r  and 100 to r r  and 
a t  temperatures of -78, 0, 100 and 300OC. 

Figure 14 shows a plot of the logarithm of the adsorption rate  vs. the 
logarithm of the number of atoms of oxygen adsorbed for an experiment at  
100°C and 100 torr  oxygen pressure, where the rate of chemisorption decreased 
rapidly w i t h  the surface coverage. 

3.3 M N I A  STUDIES 

The results of the ammonia temperature scanning experiments and the 
adsorption and desorption isotherms are presented in  the following para- 
graphs : 

3.3.1 Ammonia Temperature Scans 

In the temperature scanning experiments with ammonia, gas samples were 
removed at  200, 300, 400 and 6OO0C for mass spectrographic analysis to deter- 
mine if  the iridium catalyst would in i t ia te  decomposition of ammonia a t  these 
temperatures. An ammonia desorption temperature scan on the "clean" Shell 405 
catalyst is shown in Figure 15 (ammonia gas was preadsorbed a t  O°C prior t o  
the scanning experiment). The amount of m o n i a  preadsorbed on the surface 
was about 500 x 10l8 molecules/gram. 
increased with increasing temperature indicating desorption. 
erature reached 4OO0C, it was held there for about 30 minutes, and then a 
gas sample was taken for analysis. 
that  the desorbed gas sample contained only about 15% ammonia, the rest 
being hydrogen and nitrogen. 
sure continued to  rise and, a t  the end of the 30 minute period a t  6OO0C, a 
second gas sample w a s  taken which shaved that only 1% of the gas phase was 
ammonia, the balance being hydrogen and nitrogen. 
results of a second ammonia temperature scanning experiment performed in  
the same manner as the previously described temperature scanning experiment. 
In this experiment, a gas sample was taken for analysis a f te r  the catalyst 

As seen in  Figure 15, the pressure 
When the temp- 

This mass spectroscopic analysis showed 

As the temperature approached 6OOOC the pres- 

Figure 16 shows the 

specimen was a t  150OC for 30 minutes. 
phase contained about 96.8% ammonia, the balance being nitrogen and hydro- 
gen. 

The analysis showed that  the gas 

The temperature was raised to 3OOOC and held fo r  approximately 30 
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N = NUMBER OF OXYGEN ATOMS X ADSORBED PER GRAM OF SAMPLE 

Figure 14. Rate of Oxygen Adsorbed Versus Number of 
Surface Atoms Adsorbed 
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minutes, and then a second gas sample was taken. This sample showed 87.6% 
ammonia. 
minutes at this temperature the mass spectrographic analysis of the gas 
sample taken at this point showed only 14.5% ammonia in the gas phase. 
The system approached 6OO0C and remained there for 30 minutes. 
gas sample was then taken and its analysis indicated that only 0.6% of 
monia was present in the gas phase at this temperature. 

The temperature was raised until 400'6 was reached and after 30 

A fourth 

The above procedure was also adopted for a temperature scan with the 
uncoated Reynolds aluminum oxide support system to determine whether the 
support itself was catalytically active with respect to ammonia adsorption 
and decomposition. The temperature scan experiment is shown in Figure 17. 
It is apparent from Figure 17 that significant adsorption of ammonia took 
place on the alumina support and at the higher temperatures the support 
was capable of initiating amnonia decomposition. 

3.3.2 Ammonia Adsorption and Desorption Isotherms 

\ 

Figure 18 shows the data for adsorption and desorption of monia on a 
"clean" Shell 405 catalyst at 0, 100, and 2OO0C*. 
molecules of ammonia were adsorbed per gram of catalyst while at 200°C only 
350 x 10l8 molecules per gram of sample were adsorbed. In Figure 19 repli- 
cate adsorption and desorption isotherms at 0°C are shown. It is seen that 
very good reproducibility was obtained during these experiments. 

At O°C about 875 x 10l8 

The adsorption and desorption isotherms on uncoated Reynolds RA-1 alu- 
mina support at 0, 100, and 2OOOC are shown in Figure 20. 

Figures 18 and 20 shows that more ammonia adsorbed on the uncoated Reynolds 
alumina support material than on the Shell 405 catalyst itself. 

A comparison of 

3.3 .3  The Differential Heats of Adsorption 

The differential heats of adsorption for ammonia on 
mina support are shown in Table 3. The average value at 
coverages is 9.1 - + 1.5 kcal/mole. 

3.4 NITROGEN STUDIES 

The nitrogen adsorption and desorption isotherms at 

the Reynolds alu- 
these surface 

0, 100 and 3OO0C 

with "clean" catalysts are shown in Figure 21. 
*In this temperature region very little monia decomposition took place. 

The amount of adsorption at 
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O°C is very small in comparison t o  the previously studied adsorption of 
hydrogen and oxygen. The amount adsorbed at 100°C corresponds to 0.5 torr 
pressure change; while at 300OC the system shows essentially no adsorption. 

TABLE 3 
CALCULATED VALUES OF THE DIFFERENTIAL HEATS OF ADSORPTION FOR 

AMMONIA ON THE ALUMINA SUPPORT OF SHELL 405 CATALYST 
Molecules of 
Ammonia 
Adsorbed 
x 10l8 

250 
300 
350 
400 
450 

Differential Heats 
of Adsorption 
Kcal/mole 
of Amnonia . 
9.3 - + 1.5 
8.9 + 1.5 
9.1 + 1.5 
9.3 + 1.5 
8.7 + 1.5 

- 
- 
- 
- 

Average 9.1 - + 1.5 

4.0 DISCUSSION OF LABORATORY EXPERIMENT RESULTS 

The hydrogen adsorption data indicate that the oxygen irreversibly 
adsorbed on the "as received" iridium catalyst surface provides additional 
sites for hydrogen adsorption. This is shown in Figures 22 and 23 which 
compare the adsorption of hydrogen on "initially oxidized" catalysts and 
"clean" catalysts at 3OOOC and 500OC. 
on the oxidized surfaces is probably due to formation of bonded water. 
The hydrogen bonded to the "clean" catalyst surface appears to obey a 
Langmuir type of adsorption isotherm and the heat of adsorption (measure 
of the strength of the adsorption bond) is higher at low surface coverages 
(22.4 kcal) and decreases as the catalyst surface becomes covered with 
hydrogen (14.6 kcal). 
ments, Figure 3, where the last traces of hydrogen (low surface coverage) 
are not removed even at high temperatures and low pressures. 

This increased hydrogen adsorption 

This is also seen in the temperature scan experi- 

The oxygen adsorption results for "clean" catalysts and "initially 
oxidized" catalysts, Figures 9 and 10, show that the initial oxide coverage 
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Figure 22. Hydrogen Adsorption on "Clean1' and "Initially 
Oxidized" Shell 405 Catalysts at 300OC. 
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formed during the manufacturing process corresponds to  an iridium cormpound 
stoichiometry of IrOo,3 to  IrO0,6. 
irreversible process* , requiring elevated temperature reaction with hydro- 
gen to  remove oxygen from the surface (by formation of water). 

Furthermore, the oxygen adsorption is an 

The number of oxygen atoms adsorbed as a function of time, Figures 12  
and 13, show that a t  low temperatures, -78OC and O O C ,  the rate of adsorp- 
tion is strongly dependent on both the pressure and the temperature. 
is also seen that  a t  O°C and an oxygen pressure of 1 t o r r  an iridium oxide 
with an overall stoichiometry of IrOo.13 forms within a minute. A t  3OO0C 
and 10 torr  partial  pressure of oxygen, an iridium oxide w i t h  an overall 
stoichimetry of 
amounts of oxygen w i l l  rapidly react w i t h  a "clean1' catalyst t o  form an 
oxidized surface. 

I t  

w i l l  form i n  1 minute. This shows that trace 

The ammonia temperature scanning experiments w i t h  both the Shell 405 
"clean'1 catalyst and the Reynolds alumina base support indicate that the 
iridium atoms decompose ammonia more rapidly than the base support in  temp- 
erature regions above 30OoC. This difference i s  shown in  Figure 24 where 
the amount of ammonia present in  the gas phase fo r  both the "clean" cata- 
lys t  and the alumina support is shown as a function of temperature"". 

A comparison of the ammonia adsorption isotherms on the iridium cata- 
lys t  and an uncoated alumina support shows that the amount of ammonia ad- 
sorbed on the support was greater than the amount adsorbed on the catalyst 
sample indicating that the iridium metal surface probably adsorbed much 
less than the alumina. This difference is clearly sham in  Figures 25, 26, 
and 27 which compare the m o n i a  isotherms on the Shell 405 catalyst and 
the pure aluminun oxide support a t  Q°C, 100°C, and 200°C, respectively. 
I t  is seen that a t  OOC, the amount of ammonia which was adsorbed on the 
blank w a s  almost 100% greater than that which was adsorbed on the catalyst. 
This difference decreases somewhat so that a t  100°C the amount of ammonia 
adsorbed on the blank is only about 60% more than that adsorbed on the 
catalyst and, a t  200°C, the amount adsorbed on the blank corresponds t o  
about 55% more than that adsorbed on the catalyst sample. 

t g e r a t u r e s  up to 70OoC. 
**Exposure time for each data point approximately 30 minutes. 

3 gen can't be removed from the surface by evacuating the catalyst a t  
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The difference in affinity of the clean catalyst surface for hydrogen, 
nitrogen, oxygen, and anunonia are shown in Figures 28, 29, and 30 which are 
plots of the relative amount of gases adsorbed on the catalyst at different 
pressures and temperatures The most strongly adsorbed gas species, oxygen 
at 500°C, 200 torr, was used as the normalizing base. 

The chemical affinity of the catalyst for oxygen showed an inverse temp- 
erature dependency in the region from O°C to 500OC. At higher temperatures 
(300-500°C) the catalyst adsorbs more oxygen than at the low temperatures. 
The only other gas specie showing an appreciable tendency to adsorb on the 
catalyst surface at the higher temperatures is hydrogen; it has about 20% 

of the affinity of oxygen at 5OO0C, and about 50% at 300OC. Nitrogen does 
not adsorb measurably at 3OOOC and above. Amnonia decomposes to nitrogen 
and hydrogen above 30OoC. At laver temperatures, ammonia has a greater 
affinity for the catalyst than oxygen, however, this affinity is mainly 
due to the support. 
no measurable quantities of oxygen, hydrogen, or nitrogen over the tempera- 
ture range of 0-600OC. 

The catalyst support (Reynolds RA-1 alumina) adsorbs 

5.0 SUMMARY OF LABORATORY RESULTS 

Based on the laboratory investigations conducted under this project, the 
following conclusions are presented relative to the surface chemistry of the 
Shell 405 catalyst prior to and subsequent to space operation in a hydrazine 
thruster or gas generator configuration: 

e If the Shell 405 catalyst is exposed to a round accep- 

air prior to space operation, then significant concen- 
trations of very strongly chemisorbed oxygen will be 
present on the iridium metal surface of the catalyst 
at the time of the first hydrazine ignition in space. 
Although this chemi*d oxygen will not desorb sig- 
nificantly in a high vacuum even at elevated tempera- 
tures (at least up to 6OO0C), the oxygen is readily 
removed by decomposing hydrazine (water formation). 
Indeed, it is possible that the chemisorbed oxygen will 
significantly contribute to the first hydrazine igni- 
tion (in the space environment) s the chemisorbed 
oxygen provides, in effect, a solid oxidizer for the 
hydrazine. 

tance test firing and subsequent exposure 8--6 to am ient 
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0 Depending on the cooldavn procedure used in the ground 
acceptance test firing of a thruster-catalyst system 
the final concentration of oxygen present on the iridium 
surface (prior to space 
siderable range. If the ven 
low partial pressures of the 
ground qualification test firing then the final oxygen to 
iridium atom ratio of the catalyst after exposure to am- 
bient air will be approximately 0.3. If, on the other 
hand, for example, the catalyst is exposed to air at a 
temperature of the order of 500°C then the oxygen to iri- 
dium atom ratio could be as high as 1.4. 
partial pressures (- 1 torr), oxygen will chemisorb rapidly 
on the iridium surface of the catalyst at elevated temp- 
eratures, 

) can vary over a con- 

Even at low 

0 Depending on how fast the catalyst is cooled down after 
a ground acceptance hydrazine test firing there may or 
may not be measurable quantities of residual hydrogen 
chemisorbed on the surface of the catalyst. If, during 
the cooldown procedure, the catalyst is cooled to temp- 
eratures below 6OOOC in a period of seconds, then it is 
expected that some residual hydrogen would remain ad- 
sorbed on the iridium surface of the catalyst. However, 
if the catalyst remains at temperatures above 6OO0C for 
time periods in excess of a few minutes, it is expected 
that the great majority of the residual adsorbed hydrogen 
would be desorbed from the surface. 

a A few seconds of thruster firing in space should be suf- 
ficient to effectively remove - all chemisorbed oxygen 
from the iridium surface of the Shell 405 catalyst. 
Hence, after the first in space ignition, the Shell 405 
catalyst will be -tively free of chemisorbed oxygen. 

The only gas specie likely to remain chemisorbed on the 
Shell 405 catalyst after cooldown from operation in space 
is hydrogen. As discussed above, the amount of hydrogen 
which remains chemisorbed on the catalyst after cooldown 
will depend strongly on how fast the catalyst bed temp- 
erature drops from the operational temperature (slOOO°C) 
to below 600OC. 

9 
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6.0 HIGH VACUUM IGNITION TESTS 

The results of the laboratory experiments were used to  derive a test 
plan for  high vacuum ignition tes t s ,  with the objective of correlating high 
vacuum ignition characteristics with the surface condition of the catalyst. 
Three surface conditions were selected for  investigation: 
taining chemisorbed oxygen, a "clean" surface, and a surface containing 
chemisorbed hydrogen. 
on the results of the above tests and conducted a t  a temperature of 40°F. 

a surface con- 

A fourth t e s t  sequence was t o  be decided upon based 

The condition of oxygen chemisorbed on the catalyst surface simulates 
the first in-space f i r ing of a hydrazine reactor which had previously been 
subjected to  an acceptance test. 
clean, dry a i r  through the reactor a t  ambient temperature, then attaining 
and maintaining high vacuum for a period of 1 2  hours before f i r ing the re- 
actor. 
leaving only oxygen on the surface. 

This condition is obtained by purging 

Any nitrogen adsorbed during the air purge readily desorbs in  vacuum, 

The next test series simulates the ignition of a reactor following an 
extended f i r ing and cooldown in space. Any O2 chemisorbed on the catalyst 
surface is consumed during operation of the reactor, leaving only hydrazine 
decomposition products. Since ammonia rapidly dissociates on the catalyst 
above 3OO0C, and nitrogen readily desorbs, hydrogen is the only gas specie 
which may be expected t o  remain on the catalyst surface. 
cooldown rate is relatively low (as is commonly anticipated), and the re- 
actor f i r ing  duration was sufficient t o  a t ta in  f u l l  operating temperature, 
nearly a l l  of the hydrogen w i l l  be desorbed. Attainment of this  condition 
involves outgassing the catalyst a t  500°C i n  high vacuum, purging hydrogen 
through the catalyst bed (maintaining 500°C) to  remove any chemisorbed 
oxygen, then outgassing the hydrogen at  6OO0C i n  vacuum. 
experiments have shown that this  procedure w i l l  result  i n  a "clean1' surface, 
free of any chemisorbed gas specie. 

Providing the 

The laboratory 

The next test series ,evaluates the effect of hydrogen chemisorbed on 
the catalyst surface. 
a "clean1' catalyst surface. 
one hour while maintaining a temperature of 3OO0C, and the purge is  u t i l -  
ized to  accelerate the cooling of the reactor t o  ambient temperature. 

A procedure as described above is uti l ized t o  obtain 
Hydrogen is then purged through the bed for 
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Two end conditions are evaluated by the above sequences; a high con- 
centration of Hz on the catalyst surface and a very clean surface. 
actual conditions encountered in  in-space operation w i l l  most likely fa l l  
between the two conditions, depending upon the specific application. 

6.1 TEST INSTALLATION 

The 

Existing 1 lbf engine harctware was modified t o  provide the temperature 
conditioning circuits as shown i n  Figure 31. 
heating coil  and through the annular passage around the reactor chamber. 
A wide range of catalyst bed temperature may thus be obtained by varying 
the power input t o  the heater element and the flow rate of GN2 through the 
circuit. This system was also used to  accelerate cooling of the reactor 
and t o  a t ta in  the 40°F condition. 
protect the propellant valve and chamber pressure transducer during the 
catalyst conditioning periods involving elevated temperature. 

Gaseous Nz is passed over a 

Water coolant passages are provided t o  

A schematic of the test system is also shown iKFigure 31. A three 
way solenoid valve (W-1) is uti l ized t o  isolate the propellant from the 
fire valve and to provide for purging of the catalyst bed as required. 
Another three way solenoid valve (SV-2) provides for connection to  an as- 
pirator or t o  the high vacuum system t o  eliminate residual propellant i n  
the system prior t o  purging with a i r  or Hz. Problems related t o  leakage 
through the fire valve are thus minimized by providing vacuum on both sides 
of the fire valve unt i l  seconds before the firing. 

I t  is important to  note that this  thruster ut i l izes  direct injection 
of the hydrazine into the catalyst bed.. A single feed tube supplies eight 
,006 inch diameter orifices centrally located against the top of the cata- 
lyst. This design w a s  selected on the basis of previous experience at  TRW 
which showed it to  be the most sensitive to  changes in  catalyst activity. 
Injection techniques used i n  current f l ight  systems are designed t o  mini- 
mize the effects of changes in catalyst activity and t o  minimize the cham- 
ber pressure overshoot resulting from long ignition delays. 

The test system is installed within a vacuum system capable of attain- 

ing 
f i r ing at  the 1 lb thrust level results i n  a capsule pressure increase to  
0.3 psia. 

torr. The bel l  jar volume is such that a three second steady state 

f 
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6.2 TEST SEQUENCE 

The tes t  sequence is detailed in  Table 4 with the ignition delay data 
est involved the pro- and catalyst history. The f i r ing sequence for e 

pellant isolation valve (SV-1) as w e l l  as the f i r e  valve. 
dition of high vacuum on both sides of the f i r e  valve w a s  maintained t o  
eliminate any leakage through the f i r e  valve. 
opened a t  nminally 3 seconds af ter  opening the isolation valve. Three 
seconds allows the injection pressure t o  stabil ize after f i l l i ng  the volume 
between the two valves. 

A pretest con- 

The f i r e  valve w a s  then 

Ignition delay data is given as the times from ini t ia t ion of propel- 
lant flow t o  a r i se  in  chamber pressure and t o  a chamber pressure of 5 psia. 
The term "ignition delay'' is used t o  represent the time from valve open 
(or ini t ia t ion of propellant flow) to  a r i se  in  chamber pressure. 
ta in  cases, however, the chaniber pressure increase is quite gradual for a 
period of up t o  20 m s .  
i t ive  parameter. 
priately labeled to  define the parameters and demonstrate the data evaluation. 

In cer- 

For these cases, the time t o  5 psia is a more defin- 
Figure 32 shows the oscillograph data for Test 004 appro- - 

1 2w PSI/ 

i 0 PSlA 

1 
Figure 32. Data Evaluation 
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Test 
NLnnher 

001 
a 

002 

005 

004 

005 

006 

007 
OOR 

009 

16 m s  21  ms 6.50 

32 ms 45 ms 11.35 

76 ms  92 m s  15.79 

Sea level checkout tests 

Facility checkout-vacuum t o  7 x l O "  torr  
attained and catalyst heated to  10800F. 
Vacuum broken to  1 / 2  atm. and air purged** 
through the reactor for 2 hours. 
Vacuum of 7 x lo-' torr  maintained for 13 
hours. 
Vacuum broken for 1/2 hour (due to  faci l -  
i t y  difficult ies) 
vacuum of 7 x to  1 x torr  main- 
tained for 11 hours. 
Catalyst temperature 75% 
Vacuum broken t o  300Mand a i r  purged through 
the reactor for 2 hours. 
Vacm of 1 x t o  1 x torr  main- 
tained for 14 hours. 
Catalyst temperature 72'F 
Vacuum broken to  3 psia and a i r  purged 
through the reactor for 2 1/2 hours. 
vacuum of 1 x to  1 x torr  main- 
tained for 13 hours. 
Catalyst temperature verified to  be 70 
5OF. Exact temperature not recorded. 
Vacuum of 1 x 
catalyst heated t o  500 C and held for 2 
hours. 
Maintaining 500°C, vacutnn broken t o -  1/2 
atm. w i t h  argon and armbient temperature 
He purged through the reactor for 4 hours. 

t o 9  (minimum) attained, 

54 ms 69 ms 20.09 

I 
20 ms 32 ms 23.94 

L 

Vacuum of 1 x 
heated t o  6OO0C and held for 4 hours. 
Catalyst temperature 72OF 
Sequence between 005 and 006 repeated, 
Catalyst temperature 69'F. 
Sea level checkout of new engine. 

to r r  attained, catalyst 

5 m S  9nrS 4.00 

used for both air and H2 purges. 
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Table 4. Test Sequence and Results (Cont.) 

Test Time to  Timeto &.Run 
Number Pc Rise* 5 psia* Time (Sew.) 

Pre Test 

010 

011 

012 

013 

29 ms 

17 ms 

9 ms 

30 ms 

014 113 ms 

015 61 ms 

016 176 ms 

44 ms 8.28 

18 ms 11.45 

14 ms 15.28 

33 ms 19.09 

117 ms 23.60 

63 ms 28.02 

198 ms 32.69 

Test Sequence 

Maintaining 500°C, vacuum broken to-  
1/2 atm. with argon and ambient tempera- 
ture H purged through the reactor for 
4 hourg. 
Vacuum of 1 x 
heated to  6OO0C and held for  4 hours. 
Cooled in  vacuum to  30OoC. 
Maintaining 3OO0C, vacuum broken to--1/2 
atm. with argon and ambient temperature 
H2 purged through the reactor for 1 hour. 
H purge maintained while cooling to  am- 
bzent temperature. 
Purge stopped and vacuum of 1 x 
attained. 
Catalyst temperature 72'F. 
Sequence between 009 and 010 repeated. 
Catalyst temperature 67'F. 
Sequence between 009 and 010 repeated. 
Test delayed following opening of the 
position valve (SV-1). Increase in  cata- 
lyst temperature to  105'F (peak) noted. 
Hydrazine behind f i r e  valve evacuated and 
vacuum re-attained. 
Catalyst temperature 89OF 
Vacuum broken t o  -1/2 atm. and a i r  pur- 
ged through the reactor for 2 hours. 
Vacuum of 1 x 
1 2  hours. 
Vacuum lost to  25 p due to  a N2 leak in  
the system. 
Catalyst temperature 36OF. 
Test a t  vacuum of 25 p .  
Vacuum chamber opened and N2 leak repaired 
A i r  purged through the reactor for 2 
hours. 
Vacuum of 1 x 
12 hours. 
Catalyst temperature 39%. 
Seguence between 005 and 006 repeated. 
Catalyst temperature 50°F. 
Sequence between 009 and 010 repeated. 
Catalyst temperature 40%. 

torr  attained, catalyst 

torr  

to r r  maintained for 

to r r  maintained for 
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Tests 001 and 002 were sea level tests t o  function check the test 
system prior t o  attaining vacuum. A catalyst conditi 
followed i n  which a vacuum t o  better than 
raising the reactor temperature t o  lO8O0F 
Vacuum was then broken to  approximately 1 /2  atmosphere 
ged through the reactor for  2 hours at  a nominal rate of 80 scc/min. 
003 followed an 11 hour soak at  absolute pressures ranging from 7 x 10- 
to  1 x lo-' torr. 
a i r  purge, vacuum soak, and engine f i r ing  was also followed for tests 004 
and 005 resulting in  ignition delays of 32 ms and 76 ms respectively. 

ambient air pur- 
Test 
5 

The ignition delay on this tes t  was 16 ms. A sequence of 

The inconsistent ignition delays on tes ts  003, 004, and 005are a t t r i -  
buted t o  the presence of small quantities of hydrazine during the l a s t  two 
a i r  purges. Prior to  the a i r  purge preceding test 003, a vacuum to 
tor r  was attained on the purge system to  remove any hydrazine present. 
lowing this  test, a water aspirator was  connected to  the purge system t o  re 
remove residual hydrazine from the system. The same procedure was followed 
prior t o  test 005. A pretest condition of high vacuum on both sides of the 
f i r e  valve could not be obtained on test 005, however, due to  leakage through 
the propellant isolation valve (SV-1). During the latter a i r  purge, a 7 t o  
10 psi  pressure differential existed across this  vllve and some hydrazine 
apparently leaked into the purge system. Qualitatively, if  follows that 
the quantity of O2 chemisorbed on the catalyst surface was decreased due to  
small quantities of hydrazine present i n  the air purge, resulting in  in- 
creased ignition delay. 

Fol- 

Tests 006 and 007 involved a "clean1' catalyst surface. The catalyst 
w a s  first outgassed at  500°C, then purged with hydrogen to  remove any oxy- 

gen, and finally outgassed at 6OO0C to  obtain a catalyst surface free of 
e tests were 54 and 20 
point due t o  plugging 

. A second reactor was  then prepared and test 008 was a 
t test. The sequence of outgassing, H2 purge, and out- 

gassing was  again followed t o  obtain a clean catalyst surface for test 009. 

delay on th i s  test 5 ms. 
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The sequence of outgassing, H2 purge, and outgassing t o  obtain a clean 

The hydrogen purge was  maintained 
surface was  again followed. After cooling t o  3OO0C, however, hydrogen was  
purged through the reactor for one hour. 
while cooling t o  ambient temperature, and vacuum was  then attained. 
quantity of H2 was  thus chemisorbed on the catalyst surface which might 
simulate a condition following a very short f i r ing duration in  a reactor. 
Tests 010, 011, and 012 were conducted with this  surface condition resulting 
in  ignition delays of 29, 17, and 9 m s  respectively. 

A 

Each of the above catalyst surface conditions were then tested a t  de- 
pressed catalyst bed and propellant temperatures. 
exposure of the catalyst and 1 2  hours vacuum storage. A leak in  the pro- 
pellant pressurization system allowed nitrogen t o  enter the vacuum system, 
however, resulting in  a capsule pressure of 25 microns a t  the time of the 
tes t .  

Test 013 followed a i r  

The ignition delay on th i s  test w a s  30 m s .  

The a i r  exposure and vacuum storage sequence was again followed, and 
t e s t  014 conducted a t  high vacuum and a t  40°F. 
resulted. 

An ignition delay of 113 ms 

The sequence resulting in  a clean catalyst surface was then followed 
for test 015. 
of.  th is  t e s t  with a catalyst bed temperature of 50°F and a fuel temperature 
of 55'F. 

An error i n  instrumentation was made, resulting i n  conduction 

In this  case the ignition delay was  61 m s .  

The f inal  test i n  the sequence was conducted with a catalyst surface 
containing chemisorbed hydrogen and a t  40°F. The ignition delay was  176 ms. 

6.3 DISCUSSION OF TEST RESULTS 

The test results are summarized i n  Table 5, A definite correlation 
between catalyst surface condition and ignition delay is not readily ap- 
parent, due to  the scatter in  the data and the small quantity of data points. 
Oxygen chemisorbed on the catalyst does appear t o  decrease the ignition 
delay. Temperature, however, has a mch greater effect than catalyst surface 
condition. 
ture catalyst bed ignition, demonstrated a discontinuous relationship be- 
tween sea level ignition delay and temperature i n  the range of 0 t o  70°F. 

The work done previously on th i s  contract,* involving low tempera- 

-rr 
SDace Environment Operation of Experimental Hydrazine Reactors 
Final Report, Report No. 4712.4.67-28, Contract No. NAS7-520, 
April 1967. 
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Table 5, Test Results 

Catalyst Surface Catalyst Bed 
Condition Temperature (OF) 

A i r  Exposed 

"Clean" 

Hydrogen Exposed 

75 
72 
70 + 5 

36 
39 

72 
69 
68 
50 

72 
67 
89 
40 

Ignition 
Delay (W 

16 
32 
76 
30 

113 

54 
20 

5 
61 

29 
17  
9 

176 

Temperature effects become more pronounced when considering vacuum ignition, 
due to the flash vaporization effects on temperature. Vacuum ignition tes t s  
a t  TRWwith less active catalyst have, in  some cases, led to  the freezing of 
hydrazine in  the catalyst bed. 
yond the scope of th i s  program. A factor Which must be considered, however, 
is that the local temperature a t  the point of catalyst/propellant contact 
may be much lower than that which existed prior to propellant injection. 

Further definition of these effects is be- 

The data from the previous low temperature work is included as Figures 
33 and 34, with the data from the vacuum ignition tests added. 
clude that an effect of the vacuum is to  sh i f t  the ignition delay versus 
temperature relationship towards a lower temperature. The data from the 
vacuum ignition tests thus fall  within the range i n  which ignition delay is 
extremely sensitive to  temperature. 
this  range w i l l  require a detailed analytical investigation coupled with 
additional carefully controlled and instrumented ignition tests. 

One can con- 

Definition of the relationship within 

- 54- 



40 

( 9 6 O F )  (67OF) (40OF) ( I 7 O F )  (-5OF) (-25OF) (-43OF) 

RECIPROCAL OF BED TEMPERATURE x lo3  

Figure 33. Ignition &lay Versus Reciprocal 
of Bed Temperature. 
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# SEA LEVEL TEST DATA 

2 

i 
1.80 1,90 2.00 2. IO 2.20 2.30 

1 
10 

(96 OF) (67OF) (40OF) ( I  7OF) (-5 OF) (-25OF) (-43OF) 

RECIPROCAL OF BED TEMPERATURE x l o 3  

Figure 34. Ignition Delay Versus Reciprocal 
of Bed Temperature. 
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7.0 CONCLUSIONS 

The laboratory experiments reveal that  one of three catalyst surface 
conditions w i l l  exist  for  in-space operation of a monopropellant hydrazine 
reactor using Shell 405 catalyst. 
on the catalyst surface, or  the surface may be free from any adsorbed gas 
specie. 

Oxygen or hydrogen may be chemisorbed 

Oxygen chemisorbs readily on the catalyst surface, even a t  very low 
The quantity of oxygen chemisorbed on the par t ia l  pressures (- 1 torr) .  

surface is primarily dependent upon the temperature at the time of contact, 
and this  oxygen w i l l  not desorb even i n  a vacuum of 
posure of the catalyst t o  a i r  w i l l  thus result i n  the presence of oxygen 
on the catalyst surface for the first in-space f i r ing of the reactor. 
oxygen is then consumed during reactor operation (forming water). 

torr .  Any ex- 

The 

Providing that the catalyst cools relatively slowly from its operating 
temperature (lOOO°C) to  below 6OO0C while in  a vaciarm environment, a catalyst 
surface free of any chemisorbed gas specie w i l l  result. 
takes place in  a matter of seconds, however, some hydrogen may remain chem- 
isorbed on the surface., Hydrogen is thus the only gas specie which is 
likely t o  remain on the catalyst surface following operation i n  space. The 
quantity of hydrogen remaining on the surface is dependent upon the t i m e  
during which the catalyst is exposed to  vacuum while a t  a temperature of 
6OO0C or greater. 

If the cooling 

The three catalyst surface conditions discussed above were simulated 
There is some indication that in  a series of high vacuum ignition tes ts .  

the presence of oxygen may enhance the ignition process, but a definite 
correlation between catalyst surface condition and ignition delay is not 
yet possible. A much larger data sample would be required to define the 
effects of surface condition. 

The factor exhibiting the largest effect on ignition delay is tempera- 
As was demonstrated with sea level tests previously reported under ture. 

this  contract*, catalyst activity decreases greatly as the temperature 

3s 

Space Environment Operation of Experimental Hydrazine Reactors 
Final Report, Report No. 4712.4.67-28, Contract No. NAS7-520, 
April 1967. 
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decreases. 
flash vaporization and cooling of the propellant upon injection. Any further 
studies into the ignition characteristics of a hydrazine reactor should in- 
clude a detailed analytical investigation into the themdynamics of the 
injected propellant, as well as the heat and mass transfer related t o  the 
catalyst bed. 

This is complicated Eurther under vacuum conditions due to  the 
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._ __ - 

1 WRIGH T A f i R O m - l C A L  D I V I S I O N  t o  KELLEY 
CURTISS-WRIGHT CORPORATION 
WOOD-RIDGt, N t W  JtRSEY 07075 

1 M I S S I L t  AND S P A C t  SYS T t M S  D I  V I S I O N  R *  W o  H A L L E T  
MCOONNELL-DOUGLAS A IRCRAFT COO 9 I N C o  C H I E F  ENGINEER 
3000 O C t A N  PARK 60 U L t V A R D  ADVANCED SPACE TECH. 
$ANTA MONICA, C A L I F .  90406 

1 AIRCRAFT M I S S I L E S  D I V I S I O N  J o  S o  KERR 
P A I R C H I L D  H I L L t R  CORPORATI ON 
HAGERSTOWN, MARYLAND 21740 - 

1 GENERAL DYNAMICS € O R *  PETERSON 
CONVAIR O I V I S I O N  VoPo,  RESEARCH AND EN6r 
5001 KEARNY V I L L A  ROAD 
P.O. BOX 1628 
SAN DIEGO, C A L I F .  92112 

M I S S I L E  AND SPACE SYSTEMS CENTER F o  MEZGER 

VALLEY FORGE SPACE TECHNOLOGY CENTER 
1 G E N t K A L  t L E C T R I C  C OMPAN Y 

P.0. BOX 8 5 5 5  
P H I L A D E L P H I A ,  PA. 

1 ADVANCED t N G I  NE + TkCHMQLO GY DEP To D o  S U I C H U  
GENERAL E L E C T R I C  COMPANY 
L l m C l N m f  1, Q H l U  43Ll5 

- 

A r  I tNb lNtCKlNb L U K P o  J U S t Y H  b A V I N  
BETHPAGE, LONG I S L A N Q  
NtW 11 /14  

- .  

1 HONEYWELL, I N C o  MRo GORDON HARMS 
-Lt D1V. 

2600 RIDGWAY RD i 

W L l b  9 MlNNo 

- .  
1 H m t b  H1KLKHPI L W  0 ten6 MtltK 

AEROSPACE --. GROUP V*P*AND D I V o  M G R r r  
L t l Y I  P e l 3  
CULVER C I T Y ,  C A L I F .  

- -  . 
K C ~ ~ A R L H  HNU u t v  0 UIW 8 

MHO Ro J o  H A N V I L L E  
UlK6 UrKt3t&f?LH t N b K  a 

1 WALTER KIDDE AND COMPANY, INCo --- 
H t K U s A L C  U-3 

- -  e _ * _  - - . -  

567 M A I N  STREET 
tJrL.Lt \mLt 9 -r 
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1 LOCKHEED M I S S I L E S  AND SPACE C O O  Y o  C o  LEE ---. - e . .  - 
Hlm I I tLmlLHL L-kK 
P o 0 0  BOX 504 
a d N N Y V % t ~ i F ~ i ~  r4-a - e. - .  - 

- . - - . . - 
1 IHt MAKWUAKUJ LWKPUkHIlUN WHKR t t \ l  P o  BOAIIDMAN JHo 

16555 S A T I C O Y  STREET 
VAN NUY5 S L A L l P  o Y 1 4 Q Y  

1 BA L I 1 MOK t 0 1 V 1 b 1 U ru JOHN C A L A  T H t S  (3214)  
M A R T I N  M A R I E T T A  CORPQRATION 
B A L I l F f O K t $  MAKYLANO 21203 

1 U t N V t K  U l V l a l U N  J o  D o  GOOD L t T T t  ( A  -241 1 
M A R T I N  M A R I E T T A  CORPORATION A. J o  K U L L A S  
P o  U. BOX 119  
DENVER, COLORADO 80201 

1 ORLANDO D I V I S I O N  MRo JI FERM 
M A K T I  N MAR1 t I I A L O W 0  
BOX 5837 
ORLAND 0, )-LO R I D A  

1 MCDO NNELL AIRCRAI-T  CO RPORATION R o  AI HERZMARK 
P o  00 BOX 516 
M U N I C I P A L  A I R P O R T  
STI L O U I S ,  M I S S O U R I  63166 

1 ROCKET RESEARCH CORPORATION FOY MCCULLOUGH, J R o  
520 SOUTH PORT L A N D  S T  R t E T  
S E A T T L E ,  WASHINGTON 98188 

- 1 SPACE f I N F O R M A T I O N  SYSTEMS D I V I S I O N  t i 0  STORMS 
NOKTH A M t K I C A N  K O C K W t L L ,  I N C o  

- - - __. .. . .. . 12214 LAKEWOOD B L V D  
OOWNEY 9 C A L I F O R N I A  90241 

1 ROCKETDYNE ( L I B R A R Y  586-306) E o  B B  MONTEATH 
NOKTH A M t K I C A N  KULKWtLL, INCo 
6633 CANOGA AVENUE 
LANUCIA PAKK, C A L ~ ~ .  ~ 1 3 0 4  

1 NWK I H K W  W A C '  L LHdOKHIOKLtb DKB W l L L l A M  HOWAKD 
3401 WEST BROADWAY 
HAWTHWKNt, CALI I -OKNLA Y O 2 2 0  

\ 
L K t A C r l O  1Y MOlUKS O l V 1 5 1 O  N AKTMUK SHtRMAN 

T H I O K O L  C H E M I C A L  CORPORATION MRo ROBERT E R E  
D k N V I L L t : ,  NEW J t R S t Y  01832 
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1 KtPUtJLIL A V l A l - I U N  C U K P O R A T I W  DKo W I L L l A M  0 c. DQWkLL 
FARMINGDALE LONG ISLAND,  NEW YORK , 

1 SPACE GENERAL CORPORATION C+ E. ROTH 
Y Z V O  LA31 PLHAK A V t N U t  
EL MONTE, C A L I F O R N I A  91734 

STANFORD RESEARCH I N S T I T U T E  L I O N E L  D I C K I N S O N  

MENLO PARK, C A L I F O R N I A  94025 

1 TRW SYSTEMS MRe D e  L E E  
O N t  S V A C t  PARK 
REDOEuDO BEACH, CAL IF .  90278 

i 

d l  TAPCO D I V I S I O N  P o  T e  ANGELL 
TRW, INCOKPORATtU 
23555 E U C L I D  AVENUE 
C L t V t L A N D s  O H I O  44111 

1 m l U K V L  L H t M l L A L  C O ~ K A T I O N  JOHN GOODLOt 
H U N T S V I L L E  D I V I S I O N  
H U d I S V l L L t ,  ALABAMA 33t5Ql 

1 UNLltU ItCHNULUtY CLNTtK B o  ADtLMAN 
587 METHILDA AVENUE 

SUNNYVALE, C A L I F O R N I A  94088 

- -  - -  P 536 

1 F L O R I D A  RESEARCH AND DEVELOPMENT R o J o  COAR 
PKAll ANU WHllNtY A1KC;KAJ-I 

P o  00 t5OX 2691 
U N I T E D  A IRCRAFT CORPORATION 

WEST PALM BEACH, F L O R I D A  33402 

$ 1  VICKERS I N C  
BOX 302 
TROY, M I C H I G A N  

L SUNSTRAND A V I A T I O N  MRI R o  We REYNOLDS 
2421 l l T H  STREET 
ROCKFORD, I L L I N O I S  61101 

U N I T E D  A IRCRAFT CORPI 
WINDSOR LOCKS, COW Ne 06096 
AS T RO-ELECT RON I CS D I V I SI Of4 
R A D I O  CORPORATI ON O t  A M t R I C A  

1 1 Y o  B R I L L  

. PRINCETON, NEW JERSEY 0854’0 

L U N I T E D  A IRCRAFT RESEARCH LABS. , DRo A. KESTEN 
t A S T  HARTPOKD s CONN 0 
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